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400

401 RECEIVE AN AC INPUT SIGNAL

402 MAINTAIN A CURRENT FLOW ASSOCIATED WITH THE AC INPUT SIGNAL,
WHEREIN THE CURRENT FLOW EXCEEDS A PREDETERMINED THRESHOLD

410 MAINTAIN A CURRENT FLOW ASSOCIATED WITH THE AC INPUT
SIGNAL, WHEREIN THE CURRENT FLOW EXCEEDS A PREDETERMINED
THRESHOLD BASED ON A NOMINAL OPERATING CURRENT REQUIREMENT

OF A DIMMER CIRCUIT TO REDUCE FLICKER OF THE SOLID STATE LIGHT
SOURCE

403 CONVERT THE AC INPUT SIGNAL INTO A REGULATED DC OUTPUT

407 OPERATE A SWITCH TO ENERGIZE AN INDUCTOR CONFIGURED TO BE
COUPLED TO THE SOLID STATE LIGHT SOURCE

409 OPERATE A SWITCH TO ENERGIZE AN INDUCTOR CONFIGURED TO BE
COUPLED TO THE SOLID STATE LIGHT SOURCE, WHEREIN THE INDUCTOR

IS SHIELDED WITH A FERRITE MATERIAL

404 CONTROL A POWER FACTOR OF THE REGULATED DC OUTPUT USING A
POWER FACTOR CONTROLLER CIRCUIT

408 CONTROL THE SWITCH
405 FILTER EMI GENERATED BY THE CONVERTING

406 COUPLE THE REGULATED DC OUTPUT TO THE SOLID STATE LIGHT

SOURCE

FIG. 4
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DRIVER CIRCUIT FOR REDUCED FORM
FACTOR SOLID STATE LIGHT SOURCE
LAMP

CROSS-REFERENCE TO RELAT
APPLICATION

s
w

The present application claims priority of U.S. Provisional
Application Ser. No. 61/485,430, filed May 12, 2011, the
entire contents of which are hereby incorporated by refer-
ence.

TECHNICAL FIELD

The present invention relates to lighting, and more specifi-
cally, to driver circuits for solid state light source lamps.

BACKGROUND

The development of high-brightness solid state light
sources, such as but not limited to light emitting diodes
(LEDs) and the like, has led to use of such devices 1n various
lighting fixtures. In general, a solid state light source-based
lamp operates in a fundamentally different way than an incan-
descent, or gas discharge lamp, and therefore may not be
connectable to existing lighting fixtures designed for those
lamp types. A driver circuit may be used, however, to allow
use of an solid state light source-based lamp as a retro-{it for
existing lighting fixtures.

The driver circuitry for an solid state light source-based
lamp generally converts an alternating current (AC) nput,
such as a 120V/60 Hz line mput or mput from a dimmer
switch, to a stable direct current (DC) voltage used for driving
the solid state light source-based lamp. Such circuitry may
incorporate a rectifier for recerving the AC input and a DC-
DC converter circuit. The DC-DC converter circuit may
receive an unregulated DC output from the rectifier and pro-
vide a stable, regulated DC output to the solid state light
source-based lamp.

SUMMARY

Conventional techniques for driver circuitry that allows use
of an solid state light source-based lamp as a retro-fit for
existing lighting fixtures suifer from a variety of 1ssues. One
1s the ability to {it the required driver circuitry 1n the limited
space available within the form factor of the existing fixture.
Existing lighting fixtures generally adhere to one of anumber
of standards with regard to bulb size, base size, method of
attachment, etc. Some lighting fixtures, for example B10 and
B11-typechandelier bulbs as well as other types of decorative
lamps, provide a relatively small form factor within which the
driver circuitry must fit. It can be difficult to fit a driver circuit
in this space while meeting other design constraints such as
high power factor, low total harmonic distortion and low
clectromagnetic interference.

A variety of DC-DC converter configurations are well-
known. Certain types of known DC-DC converter configura-
tions, such as buck converters, boost converters, buck-boost
converters, etc., are generally categorized as switching regu-
lators. These devices include a switch, e.g. a transistor, which
1s selectively operated to allow energy to be stored in an
energy storage device, e.g. an inductor, and then transterred to
one or more filter capacitors. The filter capacitor(s) provide a
relatively smooth DC output voltage to the load and provide
essentially continuous energy to the load between energy
storage cycles.
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One 1ssue with switching regulator configurations 1s that
they involve a pulsed current draw from the AC power source
in a manner that results 1 less than optimum power factor
(PF). The power factor of a system 1s defined as the ratio of the
real power tlowing to the load to the apparent power, and 1s a
number between 0 and 1 (or expressed as a percentage, €.g.
0.5 PF=50% PF). Real power 1s the actual power drawn by the
load. Apparent power 1s the product of the current and voltage
applied to the load.

For systems with purely resistive loads, the voltage and
current wavetorms are 1n phase, changing polarity at the same
instant in each cycle. Such systems have a power factor of 1.0,
which 1s referred to as “unity power factor.”” Where reactive
loads are present, such as with loads including capacitors,
inductors, or transformers, energy storage 1n the load results
in a time difference between the current and voltage wave-
forms. This stored energy returns to the source and 1s not
available to do work at the load. Systems with reactive loads
often have less than unity power factor. A circuit with a low
power factor will use higher currents to transier a given quan-
tity of real power than a circuit with a high power factor.

To provide improved power factor, some lamp driver cir-
cuit configurations are provided with a power factor control-
ler circuit. The power factor controller circuit may be used,
for example, as a controller for controlling operation of the
transistor switch in a DC-DC converter configuration such as
a 1ly back converter. In such a configuration, a power factor
controller may monitor the rectified AC voltage, the current
drawn by the load, and the output voltage to the load, and
provide an output control signal to the transistor to switch
current to the load having a waveform that substantially
matches and 1s 1n phase with the rectified AC voltage.

Another 1ssue with switching regulator configurations 1s
that they may introduce harmonic distortion in the form of
ripples on the voltage signal returned to the AC power source.
These rnipples occur at harmonics of the AC line frequency.
When these ripples are fed back into the power line, some of
the ripples, especially those at third order harmonics of the
AC line frequency, may build up voltage levels on the neutral
line of power-company-owned three-phase transformers and
may damage power-company-owned equipment. Reducing
total harmonic distortion (THD) 1s thus becoming increas-
ingly important as solid state light source-based lamps
become more widely used. Indeed, reducing THD and
increasing power factor may be important in complying with
stricter regulatory requirements such as a California state
requirement that THD not exceed 20 percent.

Unfortunately, THD can be exacerbated 1n an solid state
light source-based lamp including a dimmer control circuit.
The dimming control circuit may recerve line voltage, e.g.
from a 120VAC/60 Hz source, and provide a modified output
signal to the rectifier for the purpose of controlling the 1llu-
mination level of the lamp. In one configuration, the dimming
control circuit may be a circuit known as a “phase control”
dimmer or a “phase-cut” dimmer. In a phase control dimmer,
a fraction of the mput voltage sine-wave 1s cut in each period
of the waveform either at the leading or trailing edge of the
wavelorm. During the cut-time 1nterval or “dead time” when
the voltage 1s cut, the output of the phase control dimmer may
be substantially zero. The residual time interval where the
voltage differs from zero 1s known as the “dimmer conduction
time.” Both the dimmer conduction time and the dead time are
variable, but the time period of the input voltage wavelorm 1s
constant, e.g. V6o second 1n the United States. As used herein,
the “dimmer setting” refers to the ratio of the dimmer con-
duction time to the time period of the mput wavetorm. The
dimmer setting of a phase control dimmer 1s controllable by a
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user. In one configuration, the dimmer setting may be varied
from about 0.78 to about 0.25. During the dead time at the
lowest dimmer setting of the dimmer, the supply voltage to
the power factor controller circuit may diminish to a level
below its nominal operating range. This may impact perfor-
mance of the power factor controller circuit, and can lead to
an increase 1n THD as well as reduced power factor.

Embodiments of the present invention provide a solid state
light source driver circuit and system that converts AC 1nput
such as a 120V/60 Hz mput into a current source for a solid
state light source-based light source. The circuit may use a
single integrated circuit power factor controller to control a
switch that couples an unregulated DC voltage provided by a
rectifier to an energy storage element such as an inductor. The
switch 1s opened and closed at a frequency resulting 1n an
input power factor that may be set very close to unity. The
total harmonic distortion at the input may be very low, and any
conducted EMI may be mitigated by the EMI filter compo-
nents and magnetic shielding of the inductor. The circuit may
be disposed on a circuit board, such as a PCB, thatfitsina B10
or B1-type chandelier bulb or other type of decorative lamp.
Audible noise, caused by vibration of capacitor components,
may be reduced by removing portions of the solder mask
layer of the PCB beneath those capacitor components. The
circuit may thus provide a very high power factor, high etfi-
ciency and small size that will work with dimmer switches,
including both forward phase and reverse phase dimmers,
without flicker 1n the solid state light source.

In an embodiment, there 1s provided a driver circuit to drive
a solid state light source. The driver circuit includes: a recti-
fier circuit configured to receive an AC input voltage and
provide an unregulated DC voltage; an energy storage cle-
ment coupled to the rectifier circuit; a switch, wherein the
switch 1s configured to close so as to couple a portion of the
unregulated DC voltage to the energy storage element, and
wherein the switch 1s configured to open so as to transier
energy from the energy storage element to provide a DC
output voltage to drive the solid state light source; a power
factor controller circuit configured to provide an output signal
to control the switch; a current bleeder circuit coupled to the
rectifier circuit, the current bleeder circuit configured to pro-
vide a supply voltage to the power factor controller circuit
within a nominal operating range and to maintain a current
flow associated with the AC mnput voltage, wherein the cur-
rent flow exceeds a predetermined threshold; a constant ofl-
time controller circuit configured to provide a switching fre-
quency control signal to the power factor controller circuit;
and an electromagnetic interference (EMI) filter configured
to reduce EMI noise generated by the driver circuit.

In a related embodiment, the predetermined threshold may
be based on a nominal operating current requirement of a
dimmer circuit to reduce flicker of the solid state light source.
In another related embodiment, the driver circuit may further
include a printed circuit board (PCB) on which the driver
circuit may be disposed. In a further related embodiment, the
PCB may have a diameter that does not exceed 1.25 inches. In
another further related embodiment, the energy storage ele-
ment and the EMI filter may be disposed on the PCB such that
a distance 1s provided between the energy storage element
and the EMI filter that may exceed a preset threshold.

In yet another related embodiment, the energy storage ele-
ment may be an inductor, and the inductor may be shielded
with a ferrite material.

In another embodiment, there 1s provided a solid state light
source lamp assembly. The solid state light source lamp
assembly includes: a housing; a solid state light source dis-
posed within the housing; and a driver disposed within the
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housing, the driver including: a rectifier circuit configured to
receive an AC mput voltage and provide an unregulated DC

voltage; an energy storage element coupled to the rectifier
circuit; a switch, wherein the switch 1s configured to close so
as to couple a portion of the unregulated DC voltage to the
energy storage element, and wherein the switch 1s configured
to open so as to transfer energy from the energy storage
clement to provide a DC output voltage to drive the solid state
light source; a power factor controller circuit configured to
provide an output signal to control the switch; a current
bleeder circuit coupled to the rectifier circuit, the current
bleeder circuit configured to provide a supply voltage to the
power factor controller circuit within a nominal operating
range and to maintain a current flow associated with the AC
input voltage, wherein the current flow exceeds a predeter-
mined threshold; a constant off-time controller circuit con-
figured to provide a switching frequency control signal to the
power factor controller circuit; and an electromagnetic inter-
terence (EMI) filter configured to reduce EMI noise gener-
ated by the driver circuat.

In arelated embodiment, the predetermined threshold may
be based on a nominal operating current requirement of a
dimmer circuit to reduce flicker of the solid state light source.
In another related embodiment, the solid state light source
lamp assembly may further include a printed circuit board
(PCB) on which the driver circuit may be disposed. In a
turther related embodiment, the PCB may have a diameter
that does not exceed 1.25 inches. In another further related
embodiment, the energy storage element and the EMI filter
may be disposed on the PCB such that a distance 1s provided
between the energy storage element and the EMI filter that
exceeds a preset threshold.

In still another related embodiment, the energy storage
clement may be an inductor, and the inductor may be shielded
with a ferrite material.

In another embodiment, there 1s provided a method of
driving a solid state light source. The method includes:
receiving an AC input signal; maintaiming a current flow
associated with the AC input signal, wherein the current flow
exceeds a predetermined threshold; converting the AC 1nput
signal into a regulated DC output; controlling a power factor
of the regulated DC output using a power factor controller
circuit; filtering EMI generated by the converting; and cou-
pling the regulated DC output to the solid state light source.

In a related embodiment, converting may include operating,
a switch to energize an inductor configured to be coupled to
the solid state light source, and wherein controlling the power
factor may include controlling the switch.

In a further related embodiment, converting may include
operating a switch to energize an inductor configured to be
coupled to the solid state light source, wherein the inductor
may be shielded with a ferrite matenal.

In another related embodiment, maintaining may include
maintaining a current flow associated with the AC mput sig-
nal, wherein the current flow exceeds a predetermined thresh-
old based on a nominal operating current requirement of a
dimmer circuit to reduce flicker of the solid state light source.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advantages
disclosed herein will be apparent from the following descrip-
tion of particular embodiments disclosed herein, as illustrated
in the accompanying drawings in which like reference char-
acters refer to the same parts throughout the different views.
The drawings are not necessarily to scale, emphasis instead
being placed upon illustrating the principles disclosed herein.
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FIG. 1 1s a block diagram a system according to embodi-
ments disclosed herein.

FI1G. 2 1s a block diagram of a solid state light source driver
circuit according to embodiments disclosed herein.

FI1G. 3 1s a circuit diagram of a solid state light source driver
circuit according to embodiments disclosed herein.

FIG. 4 1s a block flow diagram of a method according to
embodiments disclosed herein.

DETAILED DESCRIPTION

Generally, embodiments provides circuits, systems, and
methods for implementing a solid state light source driver for
a dimmable solid state light source-based lamp, such as but
not limited to an LED-based lamp. The terms “solid state light
source-based lamp”, “LED-based lamp”, and “LED lamp”,
as used throughout interchangably, refer to any type of lamp
and/or lamp system including one or more solid state light
sources, whether LEDs, organic light emitting diodes
(OLEDs), polymer light emitting diodes (PLEDs), and the
like. Similarly, the terms “solid state light source driver”,
“solid state light source driver circuit”, “LED driver”, and
“LED driver circuit” as used throughout interchangeably,
refer to any circuit and/or circuits and/or electronic compo-
nents and/or combinations of hardware and software that
drive one or more solid state light sources, whether LEDs,
organic light emitting diodes (OLEDs), polymer light emiat-
ting diodes (PLEDs), and the like. Similarly, the terms “solid
state light source” and “LED-based light source” refer to any
light source that includes one or more solid state light sources,
whether LEDs, organic light emitting diodes (OLEDs), poly-
mer light emitting diodes (PLEDs), and the like. The dim-
mable solid state light source-based lamp has a reduced form
factor, such as but not limited to the form factor ot a B10 or
B11 type chandelier bulb or other type of decorative lamp.
The driver, which includes a DC-DC converter configured 1n
a buck converter topology, further includes a power factor
controller (PFC) circuit, a current bleeder circuit and a con-
stant off-time controller (COTC) circuit. The current bleeder
circuit 1s configured to maintain a current, drawn from the AC
input, above a threshold value to satisiy the current require-
ments of a dimmer circuit, such as a TRIAC dimmer, and
reduce the possibility of flicker. The current bleeder circuit
also provides a supply voltage to the COTC circuit and PFC
circuit. The COTC circuit enables the PFC circuit to operate
at a fixed frequency with increased efficiency and reduced
switching loss, which can result 1n reduced driver size while
maintaining low THD and high power factor.

The use of a buck converter topology eliminates the need
for a flyback transformer, as would be used 1n a transformer-
based switching regulator. This may further reduce the driver
s1ze. A solid state light source driver according to embodi-
ments may also, or alternatively, include an electromagnetic
interference (EMI) filter to attenuate EMI conducted noise.

Turning now to FIG. 1, there 1s provided a simplified block
diagram of a system 100 according to embodiments described
herein. In general, the system 100 includes a light emitting
diode (LED) driver circuit 102 for receiving an alternating
current (AC) mput AC,, , etther directly or through a known
dimmer circuit 104, and that provides a regulated direct cur-
rent (DC) output DC_ _ for driving an LED-based light source
106. The LED-based light source 106 may be configured to
occupy a space, such as but not limited to the space occupied
byaB10 or Bl1-typechandelier bulb (1.e., lamp) or other type
of decorative lamp. The LED-based light source 106 may
include a single LED or multiple LEDs interconnected 1n
series and/or parallel configurations. Although a single LED-
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based lamp assembly 110 1s shown coupled to the dimmer
circuit 104, 1n some embodiments, multiple LED-based lamp
assemblies 110 may be coupled to a single dimmer circuit
104. In some embodiments, AC, may be a provided directly
from, for example but not limited to, a 120VAC/60 Hz line
source. It 1s to be understood, however, that a system accord-
ing to embodiments described herein may operate from any
type of AC source(s), such as a 220-240 VAC at 50-60 Hz.

In embodiments including the dimmer circuit 104, the
dimmer circuit 104 may take any known dimmer circuit con-
figuration, such as but not limited to a standard forward or
reverse “phase control” or “phase cut” dimmer provided 1n a
wall switch, the operation of which 1s well-known. As
described above, 1n a phase control dimmer circuit configu-
ration the dimmer circuit 104 cuts a fraction of the mnput
voltage sine-wave AC, 1n each period of the wavetorm to
provide an AC mput to the LED driver circuit 102 having an
associated dimmer setting.

The LED driver circuit 102 may convert the AC input
voltage AC, to a regulated DC output voltage DC_ . with a
high power factor, low THD, high efliciency and small size.
The LED dniver circuit 102 and the LED-based light source
106 may thus be provided within an LED-based lamp assem-
bly 110 as described throughout. The LED-based lamp
assembly 110 may provide a convenient retro-fit for existing
lighting fixtures configured to energize lamps including non-
LED based light sources, e.g. incandescent, fluorescent, and/
or gas-discharge sources, and, in particular, lamps with a
reduced form factor such as a B10 or Bl1-type chandelier
bulb or other type of decorative lamp. An LED-based lamp
assembly 110 as described throughout may be inserted
directly 1nto such a lighting fixture to operate on the AC 1nput
thereto, and may operate with a known dimmer circuit 104
including forward phase control and reverse phase control
dimmer circuits. A lamp including an LED-based light source
106 may provide long life and low power consumption com-
pared to those including non-LED-based light sources.

FIG. 2 1s a block diagram that conceptually illustrates the
functionality of an LED driver circuit 102, as shown 1n block
form in FIG. 1. As shown in FI1G. 2, an LED driver circuit 102
includes an electromagnetic interterence (EMI) filter 202
(which may, 1n some embodiments, be absent), a rectifier
circuit 204, a current bleeder circuit 206, a switch 208 for
coupling the output of the rectifier circuit 204 to an output
stage 210, a voltage sense circuit 212, a constant off-time
controller (COTC) circuit 216, and a power factor controller
(PFC) circuit 214.

In general, the AC input voltage AC, may be coupledto the
EMI filter 202 or the rectifier circuit 204, either directly or
through a dimmer circuit 104. The EMI filter 202 may be
configured to reduce EMI noise and to dampen ringing asso-
ciated with forward phase control dimmers such as triac-
based dimmers. In some embodiments, component values of
the EMI filter 202 may be chosen to adjust the phase angle
between the input voltage and the input current to achieve
lower THD. In some embodiments, component values of the
EMI filter 202 may be chosen to reduce an EMI noise reso-
nance peak, for example but not limited to 1n the range of 150
kHz to 700 kHz and/or substantially 150 kHz to 700 kHz.

The rectifier circuit 204 1s configured to rectify AC,, to
provide an unregulated DC input voltage DC_  that follows
instantaneous variations in the AC mput voltage. A variety of
rectifier circuit configurations are well-known 1n the art. In
some embodiments, for example, the rectifier circuit 204 may
include a known bridge rectifier. The output of the rectifier
circuit 204 1s coupled to the output stage 210 through the
switch 208 under the control of the PFC circuit 214. The
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switch 208 may be, but 1s not limited to being, a known
transistor switch, as 1s commonly used 1n known switching
regulator configurations. In general, the switch 208 controls
whether the output stage 210 1s coupled to the output of the
rectifier circuit 204. The switch 208 therefore controls the 5
amount of energy that s delivered to the output stage 210, and
the amount of energy may be adjusted by varying the on-time
and off-time of the switch 208. The output stage 210 may
include an energy storage element, such as but not limited to

an 1nductor, that 1s charged by the energy coupled from the 10
switch 208 and discharged through the LED-based light
source 106 to drive the light source. The output stage 210 may
also 1include a capacitor to smooth the DC_  voltage provided

to the LED-based light source 106.

The PFC circuit 214 may, and 1n some embodiments does, 15
include a known power factor controller configured to pro-
vide an output to the switch 208 for controlling the switch 208
in response to a {irst signal representative of voltage from the
rectifier circuit 204, a second signal representative of a
desired constant off-time for the power factor controller, and 20
a third s1ignal representative of current tlow through the switch
208. The output from the power factor controller controls the
switch 208 so that the current to the LED-based light source
106 has a waveform that substantially matches and 1s in phase
with the output of the rectifier circuit 204, thereby providing 25
high power factor and low THD.

Known LED controller integrated circuits (ICs) that may
be used as power factor controllers 1n an LED driver configu-
ration according to embodiments described throughout
include known LED controller ICs such as but not limited to 30
model number 1.M3445 controller presently available from
National Semiconductor of Santa Clara, Calif. The .M3445
controller may, for example, be employed as a controller 1n a
buck DC-DC converter implementation. Details of this and
related alternative applications of the LM3445 controller are 35
discussed 1n National Semiconductor’s L. M3445 data sheet,
“LM3445 Triac Dimmable Oftline LED Driver,” September
2010, which 1s available at http://www.national.com and 1s
incorporated herein by reference.

In an LED driver circuit 102 according to embodiments 40
described throughout, the current bleeder circuit 206 1s con-
figured to maintain a current, drawn from the AC input, above
a threshold value, to satisfy the current draw requirements of
the dimmer circuit 104. Dimmer circuits, such as a TRIAC
dimmer, typically require a minimum current flow through- 45
out the AC voltage wavelorm cycle. If the current flow drops
below this minimum value, the dimmer may temporarily shut
off, at least until the current increases, which may cause
noticeable tlicker of the LED based light source 106. The
current bleeder circuit may also provide a supply voltage to 50
the COTC circuit 216 and the PFC circuit 214 to maintain the
supply voltage at a nominal operating range during the dead
time at the lowest dimmer setting of the dimmer circuit 104.
This may avoid an adverse impact on the performance of the
COTC circuit 216 and the PFC circuit 214 that could lead to 55
an 1increase in THD and a reduction of power factor. As used
herein, use of the term “nominal” or “nominally” when refer-
ring to an amount means a designated or theoretical amount
that may vary from the actual amount.

In the LED driver circuit 102, the voltage sense circuit 212 60
senses the unregulated DC_ = voltage provided by the rectifier
circuit 204 and generates a reference voltage, representative
of the unregulated DC_ voltage, which 1s provided to the PFC
circuit 214. The reference voltage may be used by the PFC
circuit 214 1n a comparison with a sensed current through the 65
switch 208 to control the level at which the PFC circuit 214
switches the switch 208 to provide a current waveiorm to the
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LED-based light source 106 that substantially matches and 1s
in phase with the output of the rectifier circuit 204. This
feature provides a high power factor driver with reduced
THD.

The COTC circuit 216 provides a constant ofl-time signal
to the PFC circuit 214, which enables the PFC circuit 214 to
operate at a fixed switching frequency with increased eifi-
ciency and reduced switching loss, which can result in
reduced driver size while maintaimng low THD and high
power factor. The PFC circuit 214 has an on-time and an
off-time. The on-time 1s the period of time when the PFC
circuit 214 causes the switch 208 to be “closed,” and thus
coupling the rectifier circuit 204 to the output stage 210. The
off-time 1s the period of time when the PFC circuit 214 causes
the switch 208 to be “open,” and thus de-coupling the rectifier
circuit 204 from the output stage 210. The conversion ratio for
a buck converter may be defined as: V 5,/ V ,n=0n-time/ (on-
time+olif-time). Thus, for a given conversion ratio V 5,/ V 7
and a given fixed off-time, the on-time 1s set and the switching
frequency, which may be defined as the reciprocal of the sum
of the on-time and the off-time, 1s also fixed.

FIG. 3 1s a schematic diagram 1llustrating an embodiment
of an LED driver circuit 102a based on the LED driver circuit
102 shown i FIGS. 1 and 2. The LED drniver circuit 1024
includes an 1input voltage surge protection circuit 218, an EMI
filter 202, a bridge rectifier circuit 204, a current bleeder
circuit 206, a switch 208 for coupling the output of the recti-
fier circuit 204 to an output stage 210, a voltage sense circuit
212, a COTC circuit 216 and a PFC circuit 214. The PFC
circuit 214 includes an 1.M3445 LED controller IC Ul, the
operation of which 1s known and described 1n National Semi-
conductor’s LM3445 data sheet, reterred to above. Those of
ordinary skill in the art will recognize, however, that other
known LED controllers may be used 1n place of the LM3445
controller shown 1n the embodiment of FIG. 3.

In operation, the AC input to the circuit AC,  1s coupled to
the rectifier circuit 204 through the surge protection circuit
218 and the EMI filter 202. The surge protection circuit 218
includes a fuse F1 and a metal oxide varistor (MOV'), which
protect the LED driver circuit 102q from input voltage surges.
The EMI filter 202 includes inductors L1 and L2, capacitors
C2,C5 and C6, and resistors R17, R3, R6 and RS, arranged 1n
a PI network topology. The resistor R17 limits peak and
inrush current to the driver circuit 102a, which may allow an
increased number of LED driver circuits 102a to be powered
by a single dimmer circuit 104 without damaging the single
dimmer circuit 104. The resistor R17 also forms part of the
RC filter network that reduces EMI conducted noise. The
component values of the EMI filter 202 may be chosen to
reduce an EMI noise resonance peak in the approximate
range of 150 kHz to 700 kHz. The EMI filter 202 may enable
the LED driver circuit 102a to comply with FCC Part 15 Class
B EMI limitation requirements.

The rectifier circuit 204 includes a known bridge rectifier.
The rectifier circuit 204 rectifies the AC nput to provide a
rectified unregulated DC voltage DC, . The output of the
rectifier circuit DC,  1s coupled to the inductor L3 and the
capacitors C7 and C3 of the output stage 210 through the
diode D1, which acts to block reverse current tlow and sup-
press voltage surges that may be created by the switch 208.
The capacitor C1 provides additional EMI noise reduction
along this coupling path.

The switch 208 (also referred to 1n connection with FIG. 3
as the switch Q2) controls whether the output stage 210 1s
coupled to the output of the rectifier circuit 204. When the
gate drive of the switch Q2 1s on, the switch Q2 1s 1n a
conducting state and current flows from the rectifier circuit
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204 through the output stage 210, providing power to the
LED-based light source 106 and energizing the inductor L3
that serves as an energy storage element. When the gate drive
of the switch Q2 1s off, the switch Q2 1s 1n a non-conducting
state and the rectifier circuit 204 1s de-coupled from the output
stage 210. While 1n this non-conducting state, current tlows
from the discharging inductor L3 through the diode D3 to
provide power to the LED-based light source 106. The
capacitors C3 and C7 reduce noise and ripple current to the
LED-based light source 106.

In some embodiments, the inductor L3 may be shielded to
reduce magnetic field radiation and to reduce interaction
between the inductor and a housing of the lamp/lamp assem-
bly/lamp system, which may be metallic. The shielding may
comprise a ferrite maternial with suitable characteristics for
reducing radiated magnetic fields.

The gate drive for the switch Q2 1s provided by the LED
controller IC Ul. In general, the LED controller IC U1 uses a
voltage representative of the output of the rectifier circuit 204
DC. as a reference to control the level at which the LED
controller IC Ul switches the switch Q2 on and off using the
gate drive output coupled to the gate of Q2 through R12. This
teature allows a very high power factor driver. The switching
frequency 1s determined in part by the COTC circuit 216,
which 1s coupled to a COFF mput of the LED controller IC
Ul, 1n combination with a representation of the LED driver
circuit output current as sensed by the resistor R14 and
coupled to an ISNS 1nput of the LED controller 1C UT.

In particular, a portion of the DC,  voltage 1s coupled to a
FLTR2 input of the LED controller IC U1 to provide a refer-
ence voltage to the LED controller IC U1 representative of the
unregulated DC voltage DC, . The FLTR2 mput 1s coupled
between the resistors R2 and R15. Selection of the values of
the resistors R2 and R15 allows for a tradeoil between ripple
and power factor correction in the output voltage DC _  estab-
lished by the LED controller IC Ul. The LED controller IC
Ul compares this reference voltage to the voltage represen-
tative of the current sense at the ISNS 1nput, and when the two
are substantially equal the LED controller IC U1 turns off the
gate drive to the switch Q2 for the constant off time as deter-
mined by the COTC circuit 216. Thus, the LED controller IC
Ul functions as a power factor controller and provides a
current waveform to the LED-based light source 106 that
substantially matches and 1s 1n phase with the output of the
rectifier circuit 204 to provide a driver with 1increased power
tactor and reduced THD.

Supply voltage 1s supplied to a supply voltage input Ve of
the LED controller IC Ul through the current bleeder circuit
206. This configuration may ensure that the supply voltage 1s
maintained at a nominal operating range, including through
the duration of the dead time associated with the lowest
dimmer setting of the dimmer circuit 104, since the bleeder
circuit 206 maintains a current draw from the AC mput above
a threshold value to satisty the current requirements of the
dimmer circuit 104. The bleeder circuit 206 1ncludes a resis-
tor R1, a zener diode D7, and a transistor Q1 in a series pass
regulator configuration, which translates the unregulated DC
voltage DC,  to a level that can be sensed by the LED con-
troller IC U1 at a BLDR iput. The resistor R8 bleeds charge
from any stray capacitance that may be present 1n the circuit
and provides the current path for the threshold current draw
requirement associated with the dimmer circuit 104. The
diode capacitor network D8 and C4 maintain the LED con-
troller IC U1 supply voltage Vcc at a nominal operating level
when the voltage at the BLDR input decreases.

In an LED driver circuit 102 as described herein, the circuit
components may be disposed on a printed circuit board
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(PCB) 1n a manner that allows the PCB to be deployed 1n a
lighting fixture of reduced size, such as but not limited to a
B10 or B11 type chandelier bulb or other type of decorative
lamp. A B10 or Bll-type chandelier bulb may include a
generally circular housing having a nominal diameter of 1.25
inches and 1.375 inches, respectively, at the widest point. The
PCB may therefore have a diameter of less than 1.25 inches to
{1t within the housing.

In some embodiments, the components may be positioned
such that the EMI filter 202 and the output stage 210 are
physically separated by an increased distance to further
reduce EMI emission. In some embodiments, the PCB may
have a solder mask layer and portions of the solder mask
beneath ceramic capacitors, such as the capacitors C1,C2 and
C5 shown 1n FIG. 3, may be removed to reduce audible noise
caused by vibration of the capacitors against the underlying
solder mask. Alternatively, an entire section of the PCB
beneath a capacitor may be removed.

A driver circuit 102 may be configured for operation with
a variety of input voltages based on appropriate selection of
various circuit components thereof. Table 1 below identifies
one example of circuit components useful in configuring the
LED driver circuit 102q 1llustrated 1n FIG. 3 for operation
with a 120V RMS/60 Hz AC 1nput signal (resistor values in
ohms):

TABLE 1
Component Descriptor/Value
ACin 120 VAC/60 Hz
Cl 68 nb
C2 68 nF
C3 Open circuit
C4 22 uF
C5 68 nb
C6 Open circuit
C7 22 uF
Cl1 2.2 nF
Cl12 330 pF
Cl4 470 nF
D1 200V-1A
D2 600 V-05A
D3 200V-1A
D6 51V
D7 12V
D8 200V -0.25A
DCout LED connection
Fl 5A
L1 5.6 mH
L2 5.6 mH
L3 1.0 mH
MOV 470 V
Q1 240V -0.26 A
Q2 600V -1A
Q4 40V-0.2A
R1 390K
R2 620K
R3 49.9
R4 Open circuit
R5 10K
R6 10K
R¥ 49.9K
R9 100K
R12 4.7
R14 1.87
R15 3.48K
R16 215K
R17 24.9
R20 30.1K
R22 40.2
Ul L.M3445

In some embodiments, the driver circuit 1024 has an 1nput
power of 3.17 Watts at an input voltage of 120V (RMS), with
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an mput current of 29.05 mA (RMS), a power factor of 0.91,
an iput current THD of 19.07%; an output voltage of 11.33
VDC, an output current of 201.68 mA DC, and an efficiency
of 74.05%.

FI1G. 4 1s a block flow diagram of a method 400 for driving
an LED-based light source. It will be appreciated by those of
ordinary skill in the art that unless otherwise indicated herein,
the particular sequence of steps described 1s 1llustrative only
and may be varied without departing from the spirit of the
invention. Thus, unless otherwise stated, the steps described
below are unordered, meaning that, when possible, the steps
may be performed 1n any convenient or desirable order.

First, an AC input signal 1s recerved, step 401. Then, a
current flow associated with the AC input signal 1s main-
tained, step 402, wherein the current flow exceeds a prede-
termined threshold. In some embodiments, a current flow
associated with the AC mput signal 1s maintained, step 410,
wherein the current tlow exceeds a predetermined threshold
based on a nominal operating current requirement of a dim-
mer circuit to reduce tlicker of the solid state light source. The
AC mput signal 1s converted 1nto a regulated DC output, step
403. A power factor of the regulated DC output 1s controlled
using a power factor controller circuit, step 404. EMI gener-
ated by the converting is filtered, step 405. The regulated DC
output 1s coupled to the solid state light source, step 406.

In some embodiments, when the AC input signal 1s con-
verted into a regulated DC output, step 403, a switch 1s oper-
ated to energize an inductor configured to be coupled to the
solid state light source, step 407, and when a power factor of
the regulated DC output 1s controlled using a power factor
controller circuit, step 404, the switch 1s controlled, step 408.

In some embodiments, when the AC input signal 1s con-
verted into a regulated DC output, step 403, a switch 1s oper-
ated to energize an inductor configured to be coupled to the
solid state light source, wherein the inductor 1s shielded with
a Territe matenal, step 409.

As used 1n any embodiment herein, “circuitry” may com-
prise, for example, singly or 1n any combination, hardwired
circuitry, programmable circuitry, state machine circuitry,
and/or firmware that stores 1nstructions executed by program-
mable circuitry.

The term “coupled” as used herein refers to any connec-
tion, coupling, link or the like by which signals carried by one
system element are imparted to the “coupled” element. Such
“coupled” devices, or signals and devices, are not necessarily
directly connected to one another and may be separated by
intermediate components or devices that may mampulate or
modily such signals. Likewise, the terms “connected” or
“coupled” as used herein 1n regard to mechanical or physical
connections or couplings 1s a relative term and does not
require a direct physical connection.

Unless otherwise stated, use of the word “substantially”
may be construed to include a precise relationship, condition,
arrangement, orientation, and/or other characteristic, and
deviations thereol as understood by one of ordinary skill 1n
the art, to the extent that such deviations do not materially
affect the disclosed methods and systems.

Throughout the entirety of the present disclosure, use of the
articles “a” and/or “an” and/or “the’ to modify a noun may be
understood to be used for convenience and to include one, or
more than one, of the modified noun, unless otherwise spe-
cifically stated. The terms “comprising”’, “including” and
“having’” are intended to be inclusive and mean that there may
be additional elements other than the listed elements.

Elements, components, modules, and/or parts thereof that
are described and/or otherwise portrayed through the figures
to communicate with, be associated with, and/or be based on,
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something else, may be understood to so communicate, be
associated with, and or be based on 1n a direct and/or indirect
manner, unless otherwise stipulated herein.

Although the methods and systems have been described
relative to a specific embodiment thereof, they are not so
limited. Obviously many modifications and variations may
become apparent 1n light of the above teachings. Many addi-
tional changes 1n the details, materials, and arrangement of
parts, herein described and illustrated, may be made by those
skilled 1n the art.

What 1s claimed 1s:

1. A driver circuit to drive a solid state light source, com-
prising;:

a rectifier circuit configured to receive an AC input voltage

and provide an unregulated DC voltage;

an energy storage element coupled to the rectifier circuat;

a switch, wherein the switch 1s configured to close so as to
couple a portion of the unregulated DC voltage to the
energy storage element, and wherein the switch 1s con-
figured to open so as to transier energy from the energy
storage element to provide a DC output voltage to drive
the solid state light source;

a power lfactor controller circuit configured to provide an
output signal to control the switch;

a current bleeder circuit coupled to the rectifier circuit, the
current bleeder circuit configured to provide a supply
voltage to the power factor controller circuit within a
nominal operating range and to maintain a current flow
associated with the AC mput voltage, wherein the cur-
rent flow exceeds a predetermined threshold;

a constant off-time controller circuit configured to provide
a switching frequency control signal to the power factor
controller circuit; and

an electromagnetic interference (EMI) filter configured to
reduce EMI noise generated by the driver circuit.

2. The driver circuit of claim 1, wherein the predetermined
threshold 1s based on a nominal operating current require-
ment of a dimmer circuit to reduce flicker of the solid state
light source.

3. The driver circuit of claim 1, further comprising a printed
circuit board (PCB) on which the driver circuit 1s disposed.

4. The driver circuit of claim 3, wherein the PCB has a
diameter that does not exceed 1.25 inches.

5. The driver circuit of claim 3, wherein the energy storage
clement and the EMI filter are disposed on the PCB such that
a distance 1s provided between the energy storage element
and the EMI filter that exceeds a preset threshold.

6. The driver circuit of claim 1, wherein the energy storage
element 1s an inductor, and wherein the inductor 1s shielded
with a ferrite material.

7. A solid state light source lamp assembly comprising:

a housing;

a solid state light source disposed within the housing; and

a drniver disposed within the housing, the driver compris-

ng:

a rectifier circuit configured to recerve an AC mput volt-
age and provide an unregulated DC voltage;

an energy storage element coupled to the rectifier cir-
cuit;

a switch, wherein the switch 1s configured to close so as
to couple a portion of the unregulated DC voltage to
the energy storage element, and wherein the switch 1s
configured to open so as to transfer energy from the
energy storage element to provide a DC output volt-
age to drive the solid state light source;

a power factor controller circuit configured to provide an
output signal to control the switch;
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a current bleeder circuit coupled to the rectifier circuit,
the current bleeder circuit configured to provide a
supply voltage to the power factor controller circuit
within a nominal operating range and to maintain a
current flow associated with the AC mput voltage,
wherein the current flow exceeds a predetermined
threshold;

a constant oif-time controller circuit configured to pro-
vide a switching frequency control signal to the power
factor controller circuit; and

an electromagnetic interference (EMI) filter configured
to reduce EMI noise generated by the driver circuit.

8. The solid state light source lamp assembly of claim 7,
wherein the predetermined threshold 1s based on a nominal
operating current requirement of a dimmer circuit to reduce
flicker of the solid state light source.

9. The solid state light source lamp assembly of claim 7,
turther comprising a printed circuit board (PCB) on which the
driver circuit 1s disposed.

10. The solid state light source lamp assembly of claim 9,
wherein the PCB has a diameter that does not exceed 1.25
inches.

11. The solid state light source lamp assembly of claim 9,
wherein the energy storage element and the EMI filter are
disposed on the PCB such that a distance 1s provided between
the energy storage element and the EMI filter that exceeds a
preset threshold.

12. The solid state light source lamp assembly of claim 7,
wherein the energy storage element i1s an inductor, and
wherein the inductor 1s shielded with a ferrite matenal.
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